The mechanistic action of antitumor agent OSW-1 is not clearly understood. Results: OSW-1 triggers a calcium-dependent cell death through inhibition of sodium-calcium exchanger 1 (NCX1) and mitochondrial calcium overload. Conclusion: Potency and efficacy of OSW-1 in eliminating leukemia cells are dependent on homeostatic calcium disruption. Significance: New insights on the role of calcium in the mechanism of OSW-1 reveal potential in therapeutics.
3␤,16␤,17␣-Trihydroxycholest-5-en-22-one 16-O-(2-O-4-methoxybenzoyl-␤-D-xylopyranosyl)-(133)-2-O-acetyl-␣-Larabinopyranoside (OSW-1) is a natural product with potent
antitumor activity against various types of cancer cells, but the exact mechanisms of action remain to be defined. In this study, we showed that OSW-1 effectively killed leukemia cells at subnanomolar concentrations through a unique mechanism by causing a time-dependent elevation of cytosolic Ca 2؉ prior to induction of apoptosis. A mechanistic study revealed that this compound inhibited the sodium-calcium exchanger 1 on the plasma membrane, leading to an increase in cytosolic Ca 2؉ and a decrease in cytosolic Na ؉ . The elevated cytosolic Ca 2؉ caused mitochondrial calcium overload and resulted in a loss of mitochondrial membrane potential, release of cytochrome c, and activation of caspase-3. Furthermore, OSW-1 also caused a Ca 2؉ -dependent cleavage of the survival factor GRP78. Inhibition of Ca 2؉ entry into the mitochondria by the uniporter inhibitor RU360 or by cyclosporin A significantly prevented the OSW-1-induced cell death, indicating the important role of mitochondria in mediating the cytotoxic activity. The extremely potent activity of OSW-1 against leukemia cells and its unique mechanism of action suggest that this compound may be potentially useful in the treatment of leukemia.
The natural saponin molecule 3␤,16␤,17␣-trihydroxycholest-5-en-22-one 16-O-(2-O-4-methoxybenzoyl-␤-D-xylopyranosyl)-(133)-2-O-acetyl-␣-L-arabinopyranoside (OSW-1), 3 originally isolated from the bulbs of Ornithogalum saundersiae by Mimaki and co-workers (1) in 1992, has shown potent antitumor activity in various cancer cell lines including leukemia. Several studies of OSW-1 have focused on its isolation, cytotoxic tests, chemical synthesis, and preparation of synthetic analogues to understand the structure-activity relationships (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . However, the mechanism by which OSW-1 exerts antitumor activity is not well delineated. An early study proposed that OSW-1 had a direct inhibitory action on gene expression of the steroidal enzyme and on the proliferation of granulosa cells in the ovary (19) . Because of its structural similarity to cardiac glycosides, it was speculated that OSW-1 and cardiac glycosides might have a similar mechanistic action through inhibition of the Na ϩ /K ϩ -ATPase (19) . It has also been reported that OSW-1 causes activation of caspase-8, leading to cleavage of Bcl-2 and a mitochondrion-mediated cell death (20) . In our previous study, we showed the cytotoxic effects of OSW-1 in various cancer cells including leukemia with greater toxicity in malignant cells than in normal cells (21) . OSW-1 also killed primary leukemia cells from patients whose disease was refractory to fludarabine and led to a Ca 2ϩ -dependent cell death. Interestingly, cells with mitochondrial defects were less sensitive to this compound (21) . This suggested that Ca 2ϩ and mitochondria played a key role in the cytotoxic effects of OSW-1 in leukemia, but the mechanism by which OSW-1 disrupts the Ca 2ϩ homeostasis remains unclear. A recent report suggested that OSW-1 may target the oxysterol-binding protein (OSBP) and OSBP-related protein 4L (ORP4L) (22) . These proteins are known to be involved in lipid metabolism, signaling, vesicular traffic, and nonvesicular sterol transport (23) (24) (25) (26) . However, it is not clear whether or how OSBP and ORP4L are involved in calcium regulation.
In the present study, we assessed the role of mitochondria, endoplasmic reticulum (ER), and sodium-calcium exchanger (NCX) in causing Ca 2ϩ elevations in leukemia cells in an effort to delineate the mechanism of action and mode of cell death induced by OSW-1. We found that early mitochondrial Ca 2ϩ elevations were essential for cell death but that the ER was not the source of Ca 2ϩ elevation. OSW-1 led to cytosolic Na ϩ decreases with simultaneous Ca 2ϩ increases, suggesting that inhibition of the NCX may be a key mechanism by which OSW-1 exerts its cytotoxic effect in leukemia cells.
EXPERIMENTAL PROCEDURES
Cell Lines and Reagents-All human leukemia cells were maintained in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum at 37°C in 5% CO 2 . HL-60, Raji, and K-562 cells were obtained from American Type Culture Collection (Manassas, VA). The KBM5 cell line was derived from a female chronic myeloid leukemia patient in blast crisis as described previously (27) (28) (29) . The human myeloblastic leukemia cell line ML-1 containing wild-type p53 was a kind gift from Dr. Michael B. Kastan (St. Jude Children's Research Hospital, Memphis, TN). The compound OSW-1 was generously provided by Dr. Zhendong Jin from the University of Iowa (Iowa City, IA). Stock OSW-1 was dissolved in sterile dimethyl sulfoxide (DMSO) and further diluted in medium. The following fluorescent dyes were obtained from Invitrogen: Calcium Green AM for cytosolic calcium detection, CoroNa Green AM for sodium detection, fluo-3 AM for cytosolic calcium detection, and rhodamine 123 for mitochondrial transmembrane potential (⌬⌿ m ) detection. The following antibodies were purchased from the indicated sources: caspase-3 and cytochrome c (Cell Signaling Technology, Danvers, MA), ␤-actin (Calbiochem), NCX f(ABR Affinity BioReagents, Golden, CO), NCX isoforms 1 and 3 (Thermo Scientific Pierce Antibodies, Rockford, IL and Abgent, Inc., San Diego, CA), and GRP78 (Santa Cruz Biotechnology, Santa Cruz, CA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), propidium iodide (PI), cyclosporin A (CsA), thapsigargin (TG), and ruthenium red were purchased from Sigma-Aldrich. RU360 and the InnoCyte flow cytometric cytochrome c release kit were purchased from Calbiochem, the active caspase-3 kit was from BD Biosciences, and the annexin V-FITC kit was purchased from BD Pharmingen.
Cell Viability Analysis by MTT Assay-To determine the effect of OSW-1 on cell viability, leukemia cells were seeded in 96-well plates at concentrations of 2 ϫ 10 4 cells/well (HL-60, Raji, and ML-1) and 1 ϫ 10 4 cells/well (KBM5 and K-562). Following overnight incubation, cells were treated with several concentrations of OSW-1 and incubated at 37°C for 72 h. Cell viability was determined by the MTT assay as described previously (21) . Each assay was conducted in triplicate and repeated three times.
Annexin V-FITC/PI Labeling for Apoptosis Detection-For
annexin V-FITC/PI labeling, after the indicated treatment times (Fig. 1) , leukemia cells were harvested, washed once with phosphate-buffered saline (PBS), and resuspended in binding buffer containing 10 mM Hepes (pH 7.4), 140 mM NaCl, and 2.5 mM CaCl 2 . The cells were then stained with FITC-conjugated annexin V/PI and immediately analyzed for apoptosis using a FACSCalibur flow cytometer (BD Biosciences). Data were analyzed using the BD Biosciences CellQuest Pro software.
Determination of Caspase-3 Activation-A caspase-3 activation assay was used to determine the levels of activated caspase-3 as an indicator of apoptosis induction. Briefly, 1 ϫ 10 6 cells/sample were fixed on ice for 20 min using the Cytofix/ Cytoperm reagent provided in the kit. After fixation, the cells were washed twice using the provided Perm/Wash Buffer, stained with FITC-conjugated anti-active caspase-3 monoclonal antibody, and analyzed using a FACSCalibur flow cytometer.
Analysis of Cytochrome c Release from Mitochondria-The cytochrome c release assay kit was used according to the manufacturer's recommended procedures to measure the loss of mitochondrial cytochrome c. Briefly, HL-60 cells treated with OSW-1 were harvested, permeabilized, and fixed with 8% paraformaldehyde in PBS for 20 min. The cells were then washed three times and blocked for 1 h in the blocking buffer followed by incubation with anti-cytochrome c and anti-IgG-FITC antibodies. The cells were resuspended in the wash buffer and analyzed using a FACSCalibur flow cytometer.
Measurement of Mitochondrial Transmembrane PotentialThe HL-60 cells were incubated with 1 M rhodamine 123 for 60 min at 37°C before the end of the incubation with OSW-1 for the indicated treatment times (Fig. 3) . The cells were washed twice with PBS and then analyzed by flow cytometry.
Immunoblotting-HL-60 cells pretreated with OSW-1 or other compounds were lysed using a lysis buffer containing 50 mM Tris-HCl (pH 6.8), 10% glycerol, 2% SDS, 0.025% bromphenol blue, and 2.5% ␤-mercaptoethanol. Cell lysates were then loaded directly onto the gel, separated using SDS-polyacrylamide gel electrophoresis (PAGE), transferred to a nitrocellulose membrane, and probed for various proteins using the indicated antibodies. The SuperSignal West Pico Chemiluminescent Substrate System (Pierce) was used to visualize the proteins.
Measurement of Mitochondrial Calcium Levels-Mitochondrial calcium changes were monitored using rhod-2 (Invitrogen), a mitochondrial calcium-specific dye, and analyzed by flow cytometry. Briefly, cells were incubated in 1 M rhod-2 for 45 min at 37°C at the end of the drug incubation. The cells were then washed three times in PBS and analyzed with a FACSCalibur flow cytometer. The BD CellQuest Pro software was used to quantitate the shift in fluorescence.
Measurement of Cytosolic Calcium (Ca 2ϩ ) Levels-HL-60 cells were incubated with the fluorescent dye Calcium Green AM for 30 min at 37°C before the end of the OSW-1 incubation period. The cells were then washed in PBS, and the fluorescence shift indicative of cytosolic calcium level changes was analyzed with a FACSCalibur flow cytometer using the FL-1 x axis.
Measurement of Cytosolic Sodium (Na ϩ ) Levels-To test the possibility that OSW-1 may target the NCX on the plasma membrane, the cytosolic Ca 2ϩ and Na ϩ levels were detected post-OSW-1 treatment. Briefly, the drug-treated cells were washed with Hanks' balanced salt solution once and incubated with 1 M CoroNa Green AM for 45 min at 37°C. After 45 min, the cells were washed, reconstituted in PBS, and analyzed by flow cytometry.
Measurement of Calcium Release from the ER-To examine the effect of OSW-1 on ER calcium ATPase, OSW-1-or thapsigargin-treated HL-60 cells were incubated for 1 h with 5 M fluo-3 AM (1 ϫ 10 6 ) in Ca 2ϩ -free Hanks' balanced salt solution containing 1% bovine serum albumin. The cells were washed twice with Hanks' balanced salt solution and resuspended in Hanks' balanced salt solution containing 2 mM Ca 2ϩ . Calcium changes were measured by flow cytometry, and the kinetic analysis of fluo-3 versus time as the mean of the individual cells was performed using FlowJo version 7.6.1 software (Tree Star, Inc., Ashland, OR).
Statistical Analysis-The histograms from flow cytometry were obtained and analyzed using the CellQuest Pro software. Bar graphs and plots were produced using GraphPad Prism 5 software (GraphPad Software Inc., La Jolla, CA). Data were expressed as mean Ϯ 95% confidence interval. Statistical analysis was done to compare experimental values for two samples, and a p value less than 0.05 or less than 0.01 was considered significant. Student's two-tailed t test was used to evaluate the experimental values.
RESULTS

OSW-1 Causes a Time-dependent Cell Death with Caspase-3
Activation in Human Leukemia Cells-We reported previously that OSW-1 demonstrated potent anticancer activity in various cancer cells with the half-maximal inhibitory concentration (IC 50 ) in the subnanomolar range (21) . To investigate the effect of OSW-1 on cell viability, we tested several leukemia cell lines using the MTT assay. As shown in Fig. 1A , OSW-1 exhibited cytotoxicity in all five human leukemia cell lines with IC 50 values in the picomolar range, ranging from 6 to 55 pM. However, it induced minimal toxicity in normal lymphocytes at the same concentrations (Fig. 1B) . Furthermore, the ratio of the average IC 50 value of normal lymphocytes (1.64 nM) over leukemia cells (0.019 nM) was ϳ86, thus indicating that OSW-1 has substantial sensitivity toward leukemia cells in vitro. Furthermore, apoptosis analysis of HL-60 cells exposed to 1 nM OSW-1 for 16 and 24 h showed a 50 and 77% loss in cell viability (Fig. 1, C and D) , demonstrating the time-dependent cell inhibitory activity of OSW-1.
Caspase-3 activation is a characteristic of apoptotic cells following both the intrinsic and extrinsic apoptosis pathways (30) . Analysis of caspase-3 by flow cytometry in HL-60 cells treated with OSW-1 demonstrated a time-dependent caspase-3 activation with an almost 47% caspase-3 increase 24 h post-OSW-1 incubation (Fig. 1E) . The loss in cell viability induced by OSW-1 directly correlated with the activation of caspase-3. Taken together, these results show that OSW-1 is a potent anticancer agent that reduces cell viability in various leukemia cell lines and causes a time-dependent cell death via activation of caspase-3.
OSW-1 Triggers Cytosolic and Mitochondrial Calcium
Elevations-Because our previous study showed that intracellular calcium played a role in OSW-1-induced cell death (21), we monitored calcium elevations in the cytosol and mitochondria. Interestingly, although cell death was not observed until 16 h post-treatment (Fig. 1C) , OSW-1 caused increases in cytosolic calcium as early as 6 h ( Fig. 2A) . This measurement of change in cellular calcium levels was conducted at earlier time points because at later time points other factors due to activation of cell death affected the cellular Ca 2ϩ level readings (data not shown). In addition to the ER being the major intracellular store for calcium, mitochondria play a key role in the uptake of excess cytosolic calcium (30, 31) . The uniporter is the main route of Ca 2ϩ uptake by the mitochondria and is dependent on the mitochondrial membrane potential (MMP). Therefore, we used the mitochondrion-specific calcium dye rhod-2 to test the effect of OSW-1 on the calcium levels in the mitochondria. As shown in Fig. 2B , treatment of HL-60 cells with OSW-1 caused a significant increase in fluorescence, indicating an elevation of mitochondrial calcium. To further test the hypothesis that OSW-1 caused cytosolic calcium elevations that triggered subsequent uptake by the mitochondria, we used RU360, a ruthenium red derivative specific for blocking mitochondria uniporters, to prevent excess calcium from entering the mitochondria. As shown in Fig. 2C , OSW-1 by itself caused an elevation in cytosolic Ca 2ϩ . In contrast, RU360 alone did not significantly increase the cytosolic Ca 2ϩ . However, when RU360 was combined with OSW-1, there was a dramatic increase in the level of Ca 2ϩ as demonstrated by an elevation of the Calcium Green fluorescence in the cytosol (Fig. 2D) . A similar effect was observed using CsA, a cyclophilin D inhibitor, which also blocked mitochondrial calcium entry (Fig. 2, E and F) . Taken together, these data suggest that mitochondria play a direct role in the uptake of cytosolic Ca 2ϩ when treated with OSW-1.
OSW-1 Kills Leukemia Cells by Inducing Apoptosis through a Mitochondrion-mediated
Mechanism-It is well established that apoptotic stimuli can lead to the opening of the mitochondrial permeability transition pore, causing membrane permeability and loss of apoptotic factors such as cytochrome c and Second mitochondria-derived activator of caspase/direct inhibitor of apoptosis-binding protein with low pI (Smac/DIABLO) (32) . Treatment of the cells with CsA alone did not cause a loss of MMP. In contrast, OSW-1 triggered a loss of ϳ75% of MMP at 24 h post-treatment (Fig. 3A) . Interestingly, preincubation with CsA markedly reduced the percentage of cells showing a loss of MMP from 75 to ϳ20% (Fig. 3B) . Consistent with this observation, analysis of apoptosis by annexin V/PI showed a similar pattern with OSW-1 causing cell death by 24 h posttreatment that was markedly rescued by combining OSW-1 with CsA (Fig. 3C ). As indicated in Fig. 3D , leukemia cells treated with OSW-1 showed a massive decrease in mitochondrial cytochrome c. Additionally, as shown in Fig. 3E , OSW-1 alone caused caspase-3 activation that was blocked by combining OSW-1 with CsA. Altogether, these data indicated that the loss of MMP is an important event during cell death induced by OSW-1. Effect of OSW-1 on ER Calcium and Chaperone GRP78-Several studies have shown that GRP78 is important for the survival of cancer cells and that the down-regulation of GRP78 can be an effective way of inhibiting cancer cell growth (33, 34) . As shown in Fig. 4A , incubation of HL-60 with OSW-1 resulted in a time-dependent reduction of GRP78. This was in marked contrast to the effect of TG, which caused a substantial increase in GRP78 (Fig. 4A) , consistent with the previous observation that TG causes leakage of Ca 2ϩ from the ER to the cytosol by inhibiting the ATPase and leads to up-regulation of GRP78 as an indication of ER stress (35) . Thus, it seems OSW-1 did not cause ER stress as its primary mechanism of action.
Inhibition of Na
Because calcium played an important role in the cytotoxicity of OSW-1, we used BAPTA-AM, a cytosolic calcium chelator, cells/ml and grown overnight. Cells were treated with 1 nM OSW-1 for 6, 16, and 24 h, and apoptosis was detected using annexin V-FITC and PI as described under "Experimental Procedures." D, the bar graph represents cell viability data post-OSW-1 treatment from three independent experiments by annexin V/PI staining. E, HL-60 cells were plated and treated with 1 nM OSW-1 for 6, 16, and 24 h as indicated, and the induction of apoptosis was measured by caspase-3 activation using the caspase-3 activity kit and flow cytometry. The population of cells with active caspase-3 was gated to the right of the control peak and is displayed as a percentage (%). Error bars represent S.E.
to test the potential role of calcium in OSW-1-induced change of GRP78. As shown in Fig. 4A , preincubation of cells with BAPTA prior to the addition of OSW-1 effectively prevented a reduction in the GRP78 protein level, suggesting that calcium plays a major role in the degradation of GRP78. Because calpains are intracellular proteases involved in the degradation of many proteins and are activated by cytosolic calcium (36), we further investigated whether calpains were responsible for the reduction in GRP78 protein levels by using a calpain inhibitor, Ac-Leu-Leu-Nle-H (ALLN), prior to OSW-1 treatment. As shown in Fig. 4A , OSW-1 caused a time-dependent reduction in GRP78 protein levels, whereas TG caused a significant increase in GRP78. Conversely, co-incubation of cells with ALLN and OSW-1 showed that ALLN effectively prevented the degradation of GRP78, suggesting that calpains might play a role in causing the reduction of GRP78. However, co-incubation of ALLN with OSW-1 did not prevent cell death as shown in Fig. 4B . These data provide evidence that OSW-1 induced the calcium increase, leading to the activation of cytosolic calpains and subsequent degradation of GRP78.
FIGURE 2. Mitochondrial calcium increased after treatment with OSW-1 in leukemia cells, whereas inhibition of the mitochondrial uniporter by RU360 blocked OSW-1-induced calcium elevations.
A, HL-60 cells were treated with 1 nM OSW-1 for 1-6 h, and the cytosolic calcium changes were determined by Calcium Green AM staining and subsequent flow cytometry fluorescence analysis. B and C, HL-60 cells were treated with 1 nM OSW-1 alone, 1 M RU360 alone, or a combination of 1 nM OSW-1 and 1 M RU360 for 5 h. Calcium changes in the mitochondria and cytoplasm were detected using the fluorescent dyes Calcium Green AM and rhod-2 as described under "Experimental Procedures." D, the bar graph depicts the OSW-1-induced elevation in cytosolic calcium as determined by staining with Calcium Green AM. Three independent experiments were performed to confirm the effect of OSW-1 on cellular calcium; the results were statistically significant (p Ͻ 0.0001). E and F, HL-60 cells were treated with 10 M CsA, a cyclophilin D inhibitor, either alone or in combination with 1 nM OSW-1 for 5 h, and the changes in cytosolic calcium were detected using the fluorescent probe Calcium Green AM. F, the results from independent experiments of OSW-1 with and without CsA are presented as histograms. The results were statistically significant at a confidence interval of 95%. Error bars represent S.E.
Source of Ca 2ϩ Elevations Is Not from the ER, but Extracellular Ca
2ϩ Plays a Role-The ER is known to have the highest concentration of Ca 2ϩ within the cells with a micromolar concentration range in the hundreds (37) . The early increases in cytosolic and mitochondrial calcium prompted us to further investigate the source of Ca 2ϩ . TG, a well known inhibitor of sarco/endoplasmic reticulum Ca 2ϩ -ATPase (SERCA), was used as a positive control. OSW-1 did not appear to have an effect on the ER Ca 2ϩ concentration because emptying the ER calcium reserve by TG treatment did not show major differences between the untreated control and the cells pretreated with OSW-1 (Fig. 5A) .
Because TG inhibits ER calcium ATPase, we presumed that if OSW-1 worked similarly to TG then treating cells with OSW-1 would produce the same results as those produced with TG. As expected, TG caused an immediate increase in cytosolic calcium, indicating the inhibition of ER ATPase (Fig. 5B ). In contrast, OSW-1 did not trigger an instantaneous increase, suggesting a different mode of action not involving the ER calcium pumps. These results together with data showing the lack of GRP78 up-regulation in the ER (Fig. 4A) suggest that OSW-1 increases cytosolic calcium without causing calcium release from the ER.
Extracellular Ca 2ϩ Affects OSW-1-induced Calcium Elevations-To evaluate the role of extracellular calcium in OSW-1-induced elevation of cellular calcium, experiments were performed using media with and without Ca 2ϩ . As shown in Fig. 5C , a calcium increase of about 100% was seen in OSW-1-treated cells in DMEM with calcium. In contrast, OSW-1 caused a nearly 50% increase of cellular calcium when the cells were cultured in calcium-free DMEM. Because extracellular Ca 2ϩ is important for refilling ER calcium stores by the storeoperated calcium channels when the ER experiences low calcium levels, TG emptying of the ER in HL-60 cells growing in calcium-free DMEM showed reduced cytoplasmic calcium levels because the outside levels were also lower. It should also be noted that NCX functions both at the plasma and mitochondrial membranes, and consequently, inhibition of NCX could activate other counterbalancing mechanisms like the SERCA and release of calcium from mitochondrial stores to maintain cellular calcium homeostasis. This could explain the increase of calcium in cells despite the absence of extracellular calcium in calcium-free DMEM. 2ϩ by Inhibiting NCX-The above observations led us to test the possibility that OSW-1 might inhibit the NCX. As shown in Fig. 6, A and B, OSW-1 caused a notable increase in the cytosolic Ca 2ϩ and a simultaneous decrease in the Na ϩ concentration levels in HL-60 cells in a time-dependent fashion. Similar results were also observed with KB-R7943, a known NCX inhibitor. Thus, it is likely that OSW-1 disrupted calcium/sodium homeostasis by causing a decrease in NCX function. Western blot analysis showed that OSW-1 treatment reduced the expression of NCX in HL-60 cells, suggesting that NCX might be a target of OSW-1 (Fig. 6C) . Further study demonstrated that OSW-1 inhibited the expression of NCX isoform 1 (NCX1) in HL-60 cells at 16 -24 h post-treatment with OSW-1, whereas NCX3 levels remained relatively unchanged (Fig. 6C) . Furthermore, increasing concentrations of OSW-1 (from 1 to 100 nM) did not cause a dramatic drop in Na ϩ concentration levels, indicating that 1 nM OSW-1 was sufficient to exert an effect on the cells (Fig. 6D) . We also studied the combination of OSW-1 and KB-R7943. We postulated that if the combination caused a further decrease in Na ϩ when compared with individual agents then it would suggest that OSW-1 and KB-R7943 act on different targets. However, as shown in Fig. 6E , the combination of OSW-1 and KB-R7943 did not produce a synergistic or additive effect. In fact, OSW-1 alone caused a higher reduction in cytosolic sodium (42%) than did the combination of KB-R7943 and OSW-1 (56%), thus suggesting potential competitive inhibition of NCX by OSW-1 and KB-R7943.
OSW-1 Induces Increase in Cytosolic Ca
DISCUSSION
In this study, we demonstrated that OSW-1 effectively kills leukemia cells by triggering elevations in cytosolic and mitochondrial calcium followed by activation of apoptotic factors. We previously reported that calcium played a role in OSW-1-induced cell death and that OSW-1 treatment led to morphological changes of the mitochondria through a yet unknown mechanism (21) . In this study, the ionic changes were observed prior to the onset of apoptosis, indicating that this was likely an upstream event. We showed that cytosolic calcium elevations occurred as early as 6 h, which coincided with the early mitochondrial swelling observed in our previous study (21) . Calcium is known to play an important role during the cell death process in that overwhelming the mitochondrial calcium capacity can trigger the release of apoptotic factors (38, 39) . By blocking the mitochondrial permeability transition pore and mitochondria uniporters using cyclosporin A and RU360 prior to OSW-1 treatment, we demonstrated the importance of calcium entry into the mitochondria in OSW-1-induced apoptosis because the activation of apoptotic factors was prevented by suppression of calcium entry into the mitochondria.
Because various factors that regulate cellular calcium are found in the plasma membrane, ER, and mitochondria (38), we tested the ability of OSW-1 to affect calcium regulators such as the ER-associated ATPases, mitochondrial uniporters, and plasma membrane-associated Ca 2ϩ /Na ϩ exchanger. The ER ATPases are ATP-consuming pumps that transfer calcium from the cytosol to the ER to maintain a relatively low level of calcium in the cytosol, and inhibition of ER ATPases can lead to increased cytosolic calcium levels (40) . We observed that unlike the pharmacological agent TG, which inhibited ER ATPase and caused an immediate increase in cytosolic calcium, OSW-1 did not exert such effect. Furthermore, GRP78, an ER chaperone involved in the stress response, is often up-regulated or overexpressed following ER stress such as in the case of inhibition of ER ATPase (41) (42) (43) . In contrast, OSW-1 treatment led to a decrease in GRP78 levels, suggesting that OSW-1 may not be interacting with the ER ATPase. Nonetheless, we found this of particular importance as it has been suggested that down-regulation of GRP78 may be an effective way to compromise cancer cell viability because GRP78 has been shown previously to be important in the survival of cancer cells (33, 34) . Interestingly, we observed that inhibition of calpain by ALLN prevented GRP78 protein degradation, suggesting that calpain may be the calcium-dependent enzyme that mediates GRP78 degradation induced by OSW-1.
It has been suggested that OSW-1 may work similarly to cardiac glycosides because of structural similarities with both having a steroidal aglycon attached to a carbohydrate unit (19) . Cardiac glycosides are plant-derived compounds that have been used in the treatment of congested heart failure and are known to function by inhibition of the Na ϩ /K ϩ -ATPase. Cardiac glycosides such as oleandrin and digitoxin have been suggested as potent compounds that can inhibit cancer cell proliferation (44, 45) . Na ϩ /K ϩ -ATPase pumps are located on the plasma membrane, and their function allows K ϩ entry into the cells while pumping Na ϩ out of the cells against its concentration gradient. Inhibition of the Na ϩ /K ϩ -ATPase leads to sodium increases in the cytosol, and consequently, the high level of Na ϩ leads to the reversal of the NCX and an increase of Ca 2ϩ in the cytosol. In marked contrast to a Na ϩ increase, we observed that the cytosolic Na ϩ level decreased in a time-dependent manner after cells were incubated with OSW-1. Thus, it is unlikely that this compound inhibits Na ϩ /K ϩ -ATPase. Our study showed that OSW-1 caused a time-dependent decrease in cytosolic Na ϩ coupled with a time-dependent increase in cytosolic Ca 2ϩ in a fashion similar to the NCX inhibitor KB-R7943 (Fig. 6) , suggesting that OSW-1 may function as an inhibitor of NCX. The NCX is an antiporter expressed in all mammalian cells that can exchange Na ϩ and Ca 2ϩ in either direction depending on the transmembrane electrical gradients and the cytosolic Na ϩ and Ca 2ϩ concentrations (46 -48) . Furthermore, the co-incubation of cells with OSW-1 and KB-R7943 did not induce additional decreases in Na ϩ , suggesting that both compounds might act upon the same ion transporter. If OSW-1 and KB-R7943 affect different targets, co-incubation of the two compounds would be expected to cause an additional reduction of Na ϩ , which did not occur. Interestingly, Western blot analysis showed that OSW-1 caused an initial increase of NCX protein, which was subsequently decreased substantially (Fig. 6C) , suggesting a possibility that OSW-1 might bind to NCX, inhibit its function, and affect its stability or turnover rate. Earlier work by Yokoyama (49) provided evidence that OSW-1 has a strong attractive interaction with a ganglioside GM3 monolayer using atomic force microscopy. With this surface imaging technique, which is capable of nano- meter-scale lateral resolution, structural changes in GM3 were noted upon OSW-1 binding. Interestingly, recent work showed a high affinity association between GM1, another ganglioside, and NCX1 in the nuclear envelope of neurons that regulate subcellular calcium dynamics (50) . Because gangliosides are known to be ubiquitously expressed in virtually all vertebrate cells, investigation of this potential interaction among OSW-1, NCX1, and the specific ganglioside involved and its impact on calcium regulation is an area that deserves further investigation. Harley et al. (51) demonstrated that inhibition of NCX1.1 and sodium-proton exchanger 1 (NHE1) led to cell death in malignant gliomas. To our knowledge, this is the first report that illustrates the role of NCX in leukemia cell survival. This inhibitory effect of OSW-1 is cancer cell-specific with minimal effect on normal lymphocytes, a result in concurrence with the earlier study by Harley et al. (51) who found that the NCX inhibitors selectively kill malignant glioma cell lines but not primary astrocytes. Moreover, recent work by Burgett et al. (22) indicated that OSW-1 and other related compounds such as cephalostatin 1, ritterazine B, and schweinfurthin A may physically interact with the OSBP and ORP4L. Because OSW-1 contains a steroidal aglycon structure, it is not surprising that this compound may have a high affinity to bind OSBP and ORP4L. However, it is unclear whether such binding could lead to cytotoxicity. Moreover, shRNA knockdown of OSBP did not exhibit a similar cytotoxic effect as OSW-1, suggesting that OSBP might not be the key target of OSW-1 in term of cytotoxicity. Interestingly, Rodriguez et al. (52) demonstrated that RACK1, a protein kinase C anchoring protein homologous to G protein ␤ complex, interacted with the pleckstrin homology domain of OSBP, whereas a report by Liu et al. (53) showed that calcium was essential for the interaction of calmodulin with G protein ␤ and ␥ subunits. Therefore, it is plausible that calcium might play a role in the regulation of OSBP expression, and the binding of OSW-1 with OSBP might be associated with molecules involved in calcium regulation. These mechanisms merit further investigation.
Because of the ubiquity of Ca 2ϩ signaling, targeting Ca 2ϩ regulators to kill cancer cells may have potential concern in terms of selectivity. However, growing evidence suggests that some Ca 2ϩ -mediated signaling pathways are implicated in metastasis, invasion, and angiogenesis and that alterations in the expression and function of Ca 2ϩ regulators such as plasma membrane Ca 2ϩ channels and exchangers likely have a role in the process of tumorigenesis (54 -56) . For instance, altered expression of Ca 2ϩ pumps and channels has been observed in numerous cancer cell lines and tumors (54) . Up-regulation of the plasma membrane Ca 2ϩ pump PMCA4 is associated with differentiation of a human colon cancer cell line, whereas the ER Ca 2ϩ pump SERCA3 is reduced or lost in colon carcinomas (57, 58) . It has also been reported that a decrease in SERCA2b expression as the androgen-sensitive prostate cancer epithelial cells differentiate to become androgen-insensitive cells and that alteration in the Ca 2ϩ homeostasis led to an increased apoptotic resistance (59) . Therefore, a differential expression or altered function of the calcium regulators may potentially provide a basis for selectivity of OSW-1 against cancer cells. In fact, OSW-1 was shown to exert selective anticancer activity in various cancer types (21) , suggesting that this compound is potentially useful as a novel agent in cancer treatment.
In summary, our study delineates the mechanisms behind the highly potent cytotoxic activity of OSW-1 in leukemia. Treatment of HL-60 cells with OSW-1 leads to disruption of cellular calcium homeostasis through inhibition of NCX1, loss of mitochondrial membrane potential, and subsequent cell death. More importantly, our finding that inhibition of NCX1 causes cell death in leukemia cells is novel and significant and suggests that NCX1 is a potential therapeutic target in leukemia.
